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Abstract. Average monthly precipitation, the original
Palmer Drought Severity Index (PDSI) and a recent adapta-
tion to Europe, the Self Calibrated PDSI (scPDSI) have been
used here to analyse the spatial and temporal evolution of
drought conditions in the Mediterranean during the 20th cen-
tury. Monthly, seasonal and annual trends were computed for
the period 1901–2000 and also for the first and second halves
of this period. The statistical significance of trends was ob-
tained with a modified version of the Mann-Kendall test that
accounts for serial auto-correlation. The results show a clear
trend towards drier conditions during the 20th century in
most western and central Mediterranean regions, with the ex-
ceptions of northwestern Iberia and most of Turkey that re-
veal an increase of moisture availability. A Generalized Ex-
treme Values (GEV) analysis was applied to the maximum
and minimum regional values of scPDSI, with results point-
ing towards a significant decline of absolute extreme values
in central areas (Italy and Balkans) and a less clear picture
emerging in western (Iberia) and eastern (Turkey) realms.
The inter-annual variability of the scPDSI index series is
shown to be more realistic than the corresponding PDSI ver-
sion, fitting better the drought episodes sequence and magni-
tude described in the literature for each sub-region. We as-
sess the decadal and inter-annual variability of the scPDSI for
each sub-domain and evaluate the role played by the major
teleconnection patterns, and by several sea surface tempera-
ture (SST) anomalies. The main driver of scPDSI in western
and central Mediterranean areas is the winter North Atlantic
Oscillation (NAO) pattern that is also relevant during the fol-
lowing spring and summer seasons with anti-correlation va-
lues below −0.60. The second most important mode corre-
sponds to the Scandinavian Pattern that is significantly asso-
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ciated to the scPDSI between winter and summer over cen-
tral Mediterranean (correlation values around 0.50). Finally,
the teleconnection and SST analysis has allowed us to cali-
brate a stepwise regression model, enabling the forecasting
of summer drought conditions six months in advance. The
final model obtained is capable of reproducing the observed
scPDSI time series fairly well, with a correlation coefficient
of 0.79 (0.77 after cross-validation) and a significant gain
over climatology (SSc=59%), while the corresponding result
against persistence is more modest (SSp6=11%).
1 Introduction
In recent years, a number of studies have been published fo-
cusing on the evolution of precipitation, drought conditions
and moisture availability in the Mediterranean during the
20th century (e.g., Xoplaki et al., 2004; Trigo et al., 2006;
Lo´pez-Moreno et al., 2009). These works are in reasonable
agreement, confirming a decrease in rainfall and moisture
availability during the 20th century, except in the easternmost
sector (mainly Turkey). As a consequence, severe drought
episodes (from both meteorological and hydrological con-
texts) have become more frequent and persistent late in the
century, namely in the Balkans (Xoplaki et al., 2004) and
Iberia (Garcia-Herrera et al., 2007). Recently, the work by
Altava-Ortiz et al. (2010) highlights the occurrence of very
dry decades in the western and central Mediterranean since
1984/85.
The latest IPCC report (2007) supports what most recent
studies based on global and regional climate models have
been suggesting: that the Mediterranean area will register a
general trend towards less precipitation during the 21st cen-
tury (e.g., Gibelin and Deque, 2003; Giorgi and Lionello,
2008). The combined effects of precipitation decrease and
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the increment in the surface temperature in the Mediter-
ranean will create important changes in the region’s wa-
ter cycle. The recent work by Mariotti et al. (2008) us-
ing CMIP3 multi-model simulations showed that the aver-
age model predictions had a 20% decrease in land surface
water availability and a 24% increase in the loss of fresh wa-
ter over the Mediterranean Sea due to precipitation reduction
and warming-enhanced evaporation. The reduction in the
available moisture to precipitate will affect the rainfall av-
erages over land (reduction of the recycling component) and
equally over the Mediterranean Sea. In a previous work the
same authors showed that the Mediterranean Sea itself was
the main source of moisture for the surrounding Mediter-
ranean land areas (Mariotti et al., 2002). In summary, the
risk of drought episodes in the Mediterranean basin appears
to be rising in recent decades and will maintain that momen-
tum for the immediate future. One should always take into
account the complexity of the Mediterranean climate, as that
may imply different spatial responses to recent and future
climate change, particularly between the eastern and western
Mediterranean (Xoplaki et al., 2004; Du¨nkeloh and Jacobeit,
2003).
Drought indices are an important tool when analysing
moisture availability, since they usually do not depend only
on rainfall values, but also on temperature or evapotranspi-
ration series, and local water budgets. In the last decade a
number of studies have been performed with the aim of de-
veloping new indices particularly suited for drought analy-
sis, quantification and monitoring (see the reviews in Heim,
2002 and Keyantash and Dracup, 2002). From a hydrolog-
ical point of view, Mediterranean droughts are driven both
by lack of precipitation and high evaporation rates. Thus,
it is important to use an index which takes into account the
soil water availability for the vegetation, rather than purely
climatic variables (Nicault et al., 2008). That goal can be
achieved with the PDSI (Palmer Drought Severity Index),
one of the most widely employed drought indices, because
it corresponds with a measure of regional moisture availabil-
ity (Palmer, 1965). The index is based on water supply and
demand, which is calculated using a relatively simple water
budget system. This budget is based on historic records of
precipitation and temperature and the soil characteristics of
the area being considered. The computation of the index al-
lows the classification of relative moisture conditions within
11 categories as defined by Palmer (1965). The PDSI was
initially developed for the United States but it has been used
extensively for areas outside the USA.
Although a good instrument for the purpose of evaluat-
ing drought conditions, the original PDSI has some prob-
lems when used in other regions, mainly due to different
climatic and land cover properties. It has been shown that
the application of the PDSI tends to result in an exagger-
ated frequency of extreme dry or wet spells (e.g., van der
Schrier et al., 2006). Therefore, attempts have been made to
adapt the PDSI to different climatic regions. In particular,
a new formulation called the self-calibrated PDSI (scPDSI)
was introduced by Wells et al. (2004). The scPDSI reduces
the excessive frequency of extreme events, when compared
to the original PDSI. All weighting factors in Palmer’s al-
gorithm were empirically derived from a limited amount of
data, largely from the US Great Plains, but are frequently
treated as fixed parameters regardless of the climate regime
in which the index is computed (Wells et al., 2004). In the
scPDSI, for each location, the climatic characteristic weight-
ing factors are computed using data from only that location,
rather than by using data of a small number of stations from
different climates as was done originally (van der Schrier et
al., 2006). This scales the departure from normal precipita-
tion with a factor uniquely appropriate to that location and
affects the range of values of the self-calibrating PDSI. Simi-
larly, the duration factors are determined using data from that
location only, which influences the sensitivity of the index for
changes in the moisture regime (Wells et al., 2004; van der
Schrier et al., 2006). The scPDSI used here was developed at
the Climatic Research Unit (CRU) and employs the original
severity scale.
The main objectives of this work are: (1) to perform an
analysis on the long-term variability of dry/wet conditions
during the 20th century for the entire Mediterranean basin
and specific sub-domains, (2) to evaluate the role played by
well-known large modes of atmospheric circulation variabil-
ity and by SST anomalies on the regional inter-annual vari-
ability of drought indices, and (3) to evaluate the nature (sta-
tionary or not) of extreme values of drought indices for dif-
ferent sub-domains of the Mediterranean.
Data and methods are briefly described in Sect. 2. Detec-
tion of significant trends of precipitation and scPDSI is per-
formed in Sect. 3 with an appropriate version of the Mann-
Kendall test. We apply a Principal Component Analysis
(PCA) in Sect. 4 to detect and analyse major homogeneous
areas of drought variability. In Sect. 5, we fit the General-
ized Extreme Value (GEV) analysis to evaluate changes in
the characteristics of the extreme distributions. The impact
of major large-scale atmospheric circulation patterns and of
sea surface temperature anomalies in the scPDSI drought in-
dex variability is assessed in Sects. 6 and 7. Finally, this in-
formation is used to test a simple statistical model for scPDSI
hindcasting in Sect. 8. Some conclusions are outlined in the
final section.
2 Data and methods
2.1 Data
The precipitation and scPDSI data were extracted from
the CRU (Climatic Research Unit) high-resolution
(0.5◦ lat× 0.5◦ long) dataset and for the 1901–2002 pe-
riod (Mitchell and Jones, 2005). The PDSI used in this work
was computed by Dai (2004) and retrieved from the NOAA
database. While the PDSI and CRU precipitation series are
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available for the entire globe, the scPDSI data was only
available for a window encompassing Europe and a large
part (but not all) of the Mediterranean basin, north of 35◦ N.
Thus, the PDSI dataset has the advantage over the scPDSI
of covering the entire Mediterranean basin. However, it
suffers from a few caveats. In particular, the coarser grid
(2.5◦ lat× 2.5◦ long) is much less detailed than the higher
resolution grid available for the scPDSI. Furthermore,
after analysing the data series, we have found numerous
problems covering the first half of the 20th century, in
particular, the PDSI data early in the century is very sparse.
Taking these problems into account, we only performed
a complete analysis of PDSI for the period 1951–2000.
Some missing values in time were substituted by the mean
of the values observed in the months immediately before
and after. Concerning the few cases of consecutive missing
values in time relative to a single gridpoint, we opted to
perform a spatial interpolation, i.e., to use the monthly
values from the surrounding gridpoints. These changes had
to be performed only in 38 gridpoints, i.e., less than 0.1% of
the total number of values used. Nevertheless, the majority
of results presented here are related to the scPDSI, which
appears to be more appropriate for the Mediterranean. Both
indices are only valid over land areas, and they are not bound
by upper and lower absolute thresholds. However, values
above 2 (below−2) are considered wet (dry) episodes, while
values above 4 (below −4) are considered to correspond to
extremely wet (dry) events.
Monthly values of major teleconnection indices were ob-
tained from the Climate Prediction Centre website (CPC,
NOAA) for the period 1951–2002. The methodology em-
ployed by CPC to identify the Northern Hemisphere tele-
connection patterns is based on Rotated Principal Compo-
nent Analysis RPCA (Barnston and Livezey, 1987) applied
to monthly mean standardized 500-mb geopotential height
anomalies.
Monthly SSTs for the period 1951–2002
(2.0◦ lat× 2.0◦ long) were acquired from the ERSST.v3
dataset (Extended Reconstruction Sea Surface Temperatures
– Smith et al., 2008).
2.2 Trends significance
Standard trend tests such as the Mann-Kendall can present
misleading results when time series contain many gridpoints
with high auto-correlation values (Wilks, 2006). While this
may not be an issue for precipitation and temperature, it can
be critical for any long-term memory drought index such
as PDSI or scPDSI. In this case, it is advisable to use a
more robust methodology that takes into account the auto-
correlation problem to avoid an overestimation of statisti-
cal significance. The mean gridpoint auto-correlation for
the detrended scPDSI series is 0.55, confirming that these
high values are not a result of the long-term trends, and the
need to use a more strident significance test. That is pre-
cisely the objective of the modified Mann-Kendall test pro-
posed by Hamed and Ramachandra (1997) and employed
here. The number of degrees of freedom is overestimated in
auto-correlated series, so an “effective” number of observa-
tions (Ns) is used rather than the total number of observations
(N ). Since variance is underestimated in the original test,
this modified formulation computes it with a correction fac-
tor (N /Ns) which is multiplied to the original Mann-Kendall
variance formulation:
V (S)= N(N−1)(2N+5)
18
· N
Ns
N
Ns
= 1+ 2
N(N−1)(N−2)
·
N−1∑
i=1
(N− i)(N− i−1)(N− i−2)ρS(i)
N is the number of observations, Ns is the “effective” number
of observations and ρS(i) is the auto-correlation function of
the ranks of the observations.
2.3 Generalized Extreme Values (GEV) analysis
Following the common approach adopted by the Extremes
Research Line within the European project CIRCE (www.
circeproject.eu), we applied the Generalized Extreme Values
analysis (GEV) to the adopted drought index (scPDSI). It is
widely accepted that extremes of many meteorological and
hydrological variables can be fitted by one of the three types
of GEV distribution, namely: Gumbel (or type I), Fre´chet (or
type II) and Weibull (or type III) (Coles, 2001). The standard
GEV model has three parameters. A location parameter, µ,
determines the location or shift of the distribution. In other
words, the location parameter determines where the origin
will be located. A scale parameter, σ , determines the scale
or statistical dispersion of the probability distribution. If σ
is large, then the distribution will be more spread out; if σ
is small then it will be more concentrated. Finally a shape
parameter, ξ , determines the type of distribution:
– Gumbel distribution function, or type I, (ξ→ 0);
– Fre´chet distribution function, or type II, (ξ > 0);
– Weibull distribution function, or type III, (ξ < 0).
3 Trends analysis
3.1 Precipitation trends
Although dryness can be associated with a number of driv-
ing factors, lack of precipitation is the most important cause.
Thus, we first analyse the long-term behaviour of the preci-
pitation field over the Mediterranean, with the aim of identi-
fying significant trends (positive and negative). This is car-
ried out using the modified Mann-Kendall test. Monthly
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Figure 1 
 
Fig. 1. Relative trends (%) of mean monthly precipitation (annual, below) in the 1901–2000 period – only areas with mean monthly
precipitation above 10 mm and with statistical significance of 10% achieved are represented – and circled areas are statistically significant at
5% (modified Mann-Kendall test).
and seasonal trends were computed relative to the entire
20th century (1901–2000). Trend values were only repre-
sented if evaluated to be statistically significant at 5% or
10% significance level (Fig. 1). If one considers the en-
tire year, the calculated trends show a progressive and gen-
eralized loss of precipitation during the last century in the
Mediterranean basin. These negative results are particu-
larly severe in central areas of Italy, but they do exist in
most parts of the Mediterranean. Positive trends are only
found in Northwest Iberia, some localized areas in the ex-
treme South of Italy, Libya and in Turkey (we must stress
the lack of confidence in early century precipitation series
for the latter area, due to poor instrumental records). The
most dramatic example in this trend for diminishing rains is
the month of March, as previously identified by Paredes et
al. (2006), although significant loss of precipitation in north-
ern Africa (Morroco and Algeria) between October and De-
cember (Fig. 1) is also worth mentioning. This has serious
implications in moisture availability, as will be seen in the
next section.
3.2 Mean annual scPDSI trends
The same procedure used with the precipitation series was
applied to the scPDSI series. Trends were computed for the
entire 20th century (1901–2000) and the two halves (1901–
1950 and 1951–2000). Regarding the slow variation of the
scPDSI in time, mean annual values have been analysed.
This index presents a slow response time (at a monthly time-
scale), with significant inter-annual auto-correlation (typical
values close to 0.60). Therefore, the straightforward appli-
cation of the Mann-Kendall test would imply a significant
overestimation of the number of degrees of freedom and con-
sequently of the statistical significance. Thus, we applied the
test described in Sect. 2.2.
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Figure 2 
 
 
Fig. 2. Mean annual scPDSI absolute trends for the 1901–1950, 1951–2000, and 1901–2000 (down) periods – statistical significance as in
Fig. 1.
Looking at the obtained results it is worth stressing that
the area encompassing France, Italy and the nearby islands
shows important negative trends for the scPDSI (Fig. 2). This
development is remarkably severe in central Italy and Sar-
dinia. Very localized positive trends are found during 1951–
2000 in France and in the extreme South of Italy, but they
are almost insignificant against the overall loss of moisture
availability in the area during the 20th century. This pat-
tern extends southwards to Algeria, but on the other hand,
the northern tip of Tunisia tends to present a slight gain in
scPDSI values.
Concerning the Iberian Peninsula, we can immediately no-
tice the inverse trends that appear as a dipole with different
signals between the NW and the rest of Iberia. A clear pos-
itive trend in the scPDSI appears in NW Iberia, meaning an
increase in moisture availability in this region during the last
century. On the contrary, the generality of the remaining ar-
eas of the peninsula and the Balearic Islands present negative
trends for the 20th century. These trends are particularly im-
portant in the first half of the century in the SW and in the
second half in the Mediterranean coast (Fig. 2). The largest
part of the coastal strip of the Balkans area does not show
significant trends if we consider the entire 1901–2000 period.
However, there is a negative trend if one restricts the analysis
to 1951–2000. The Greek territory does present a significant
decrease in the mean annual scPDSI, with stronger decline
for the 1951–2000 period, that is still significant at the cen-
tennial scale.
In the eastern sector of the Mediterranean basin, during
the first half of the century, Turkey presents a negative trend
in the central areas and a positive trend in the western and
eastern sectors. These trends revert during the second half of
the century. Looking at the entire 20th century, it is charac-
terised by a positive trend in the NW area of Turkey and neg-
ative in the southern region. Most of the surrounding areas to
the Black Sea present a gain in moisture availability, with the
coastal strip of Romania being the main exception. However,
we should remind that results for this eastern Mediterranean
territory lack confidence prior to the 1930s, due to the smaller
availability of good instrumental records.
4 Regional analysis
4.1 Sub-domain definition inside the Mediterranean
basin
In order to reduce the large dimensionality of the fields un-
der analysis, we have performed a standard Principal Com-
ponent Analysis (PCA) on the PDSI and scPDSI datasets
for the Mediterranean basin. There is no single definition
of what constitutes the “true” Mediterranean region, here we
adopted an area similar to the one proposed by Du¨nkeloh and
Jacobeit (2003), i.e., excluding wetter areas of Europe and
desert-like areas as shown in Fig. 4 (top) for scPDSI. The
main rationale here is to obtain regions that can be consid-
ered relatively homogeneous in terms of drought character-
istics. The first four Empirical Orthogonal Functions (EOFs)
are shown in Fig. 3 and account for 43% of the explained
variance (EV). This relatively low value of EV by the first
four EOFs could be due to the high spatial variability of
precipitation and moist availability in the region. The two
most relevant patterns correspond to EOF1 and EOF2. EOF1
covers the entire Mediterranean basin (16.4% of EV), while
EOF2 exhibits a W-E pattern (10.1% EV). The remaining
EOF patterns show smaller scale features and explain smaller
amounts of variance. Taking into account the EOF patterns
of the scPDSI field obtained for the Mediterranean basin, we
have considered smaller regions to obtain a more detailed
analysis for the 20th century. The selected four sub-regions
also take into account the socio-economic relevance of the
www.nat-hazards-earth-syst-sci.net/11/33/2011/ Nat. Hazards Earth Syst. Sci., 11, 33–51, 2011
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Fig. 3. The first four EOFs (based on the correlation matrix) for the Mediterranean scPDSI index during the 20th century and their contri-
bution to the total variance. Each EOF pattern was multiplied by its corresponding eigenvalue square root, in order to obtain the correlation
coefficients between each PC and the original scPDSI field.
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Fig. 4. Representation of the Mediterranean basin and smaller areas
considered in this study (for the scPDSI data series).
defined regions and are presented in Fig. 4 (bottom). We
have labelled these regions with a simple identification tag to
facilitate the following analysis: (1) Iberia; (2) Italian Penin-
sula; (3) Balkans; (4) Turkey. Unfortunately the scPDSI does
not cover the entire Mediterranean basin, only those areas lo-
cated north of 35◦ N and, thus, excludes Libya and Egypt.
4.2 Inter-annual variability of regional scPDSI
Since the scPDSI index varies slowly in time, we show the
results obtained for annual averages (although seasonal anal-
ysis were also performed). To avoid the excessive smoothing
that usually results from estimating spatial averages based
on numerous gridpoints, we have multiplied each one of
these averages by a spatial scale factor proportional to the
area associated to each sub-region. Moreover, based on the
severity scale for the scPDSI, we can evaluate the tempo-
ral evolution in the percentage of the Mediterranean (and of
each sub-region) that is under dry (very dry) or wet (very
wet) conditions (as proposed by van der Schrier et al., 2006).
Using these methods, a good overview of the last century
drought conditions over the entire Mediterranean basin and
the smaller regions is now presented.
The first step will be the analysis for the entire Mediter-
ranean basin. Since this region presents so much spatial vari-
ability, a grand spatial average will inevitably tend to smooth
large inter-annual variations (Fig. 5a). Nevertheless, several
periods during the 20th century, namely the 1940s and 1980s,
were characterised by fairly generalized dry or wet spells
in the Mediterranean basin (Fig. 5a, left). Periods where
wet areas exceed dry areas appear to be as frequent as those
characterised by predominance of dryness over wet periods.
However, some long-lasting episodes with extreme drought
conditions cover a wider spatial range (Fig. 5a, right). This
means that important and fairly long droughts affecting the
Nat. Hazards Earth Syst. Sci., 11, 33–51, 2011 www.nat-hazards-earth-syst-sci.net/11/33/2011/
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Figure 5 
 
Fig. 5. Inter-annual variability of scPDSI (left) and corresponding percentages of area under wet (blue) and dry (orange) conditions (right)
for the considered sub-domains: (a) the entire Mediterranean; (b) Iberia; (c) Italian Peninsula; (d) Balkans; (e) Turkey.
entire Mediterranean basin do occur a few times in a cen-
tury, but long-lasting periods with generalized excess of wa-
ter present smaller magnitude. Three of these long droughts
occurred in the 20th century. The first one took place later
in the 1920s, but cannot be considered too severe. A more
severe and generalised drought affected the entire Mediter-
ranean area in the 1940s. Finally, the most severe and pro-
longed large scale drought in the Mediterranean started in
the early 1980s and continued (albeit with smaller ampli-
tude) until the end of the century, having few years of ex-
ception. These results are in agreement with those obtained
by Xoplaki et al. (2004). Moreover, the negative tendency
in the last 25 years is related to a decrease of precipitation in
the Mediterranean area (Trigo et al., 2001) and also a nega-
tive trend in moisture availability in the Mediterranean region
(IPCC, 2007). The wet spells, as stated before, also appear
to last for long periods, but with relatively smaller amplitude.
The wettest periods dominate the 1910s, late 1930s, and the
1960s and 1970s, in agreement with recent studies of preci-
pitation series (Xoplaki et al., 2004; Trigo et al., 2006).
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Fig. 6. (left) Inter-annual variability of PDSI for the Iberia region; (right) corresponding percentages of area under wet (blues) and dry
(yellows) conditions.
In the Iberian region, like most parts of the Mediterranean
(except Turkey), we find two important and generally persis-
tent drought periods: located in the middle of the century,
and in the last two decades, with the lowest mean annual
scPDSI for Iberia occurring in 1945 (Fig. 5b, left). In fact,
in Spain the 1940s are called the “hunger years” due to the
famine associated to this drought episode in a country ex-
hausted by the civil war. Interestingly, even for some of the
driest years it is possible to find small areas of Iberia with
wet characteristics (Fig. 5b, right). Probably this is related to
some “generous” frontal activity from the Atlantic reaching
the area. Not so severe in intensity, but more persistent in
time is the drought that started in the late 1910s, and ended
in the mid 1930s. After this drought prone period some very
wet years appear. The 1960–1980 period was characterised
by several years with high (or even very high) amounts of
available soil moisture. Some positive scPDSI years also are
present late in the last 10 years of the 20th century, although
this period is mostly very dry.
As stated before, the smaller spatial resolution of the PDSI
data may imply some loss of information. We use the Iberian
region to establish an objective comparison between the two
indices. According to the PDSI series, Iberia is characterised
by a prolonged and intense dry period in the 1970s and 1980s
(Fig. 6). However, these extreme dry conditions over Iberia
during the 1970s are not recognised in the literature (Garcia-
Herrera et al., 2007). In fact if one looks at the scPDSI se-
ries, it is possible to find a number of wet years within that
period. This comparison confirms the more excessive values
presented by the PDSI, when compared to scPDSI (van der
Schrier et al., 2006). With these facts in mind, we have re-
stricted the rest of the analysis to the scPDSI drought index.
The Italian region also suffered its most severe drought
during mid-century. The 1941–1950 decade only shows pos-
itive mean annual scPDSI in 1941. As seen in Fig. 5c (right),
during this period the area affected by very dry conditions
reached about 50%, with less than 10% of the territory un-
der wet conditions. The evolution of the dry-wet conditions
over Italy resembles what was obtained for Iberia: namely
the tendency for drier periods late in the century, a result in
accordance with previous works (e.g., Brunetti et al., 2002;
Toreti et al., 2009). Once again, a tendency for slight dry-
ness is found in the 1920s, but unquestionably not as severe
as in the western Mediterranean. Again we find a wet spell
after this dry one, but the most preeminent wet period ap-
pears early in the 20th century. After the severe drought in
the 1940s, Italy had some alternating (but generally not se-
vere) conditions, with a slight prevalence of positive scPDSI
values (excluding the final two decades).
As we move to the eastern sectors of the Mediterranean,
such as the Balkan region (including Greece), we find again
some common episodes to those described above. However,
it should be stressed that in this area we find more extreme
dry and wet episodes (Fig. 5d, left). The scPDSI shows a
clear negative tendency, as we see few wet spells later in the
century, in clear opposition with the early decades of the cen-
tury. During the period that spans between 1910s and late
1930s, the Balkans had generally wet or very wet conditions
(Fig. 5d, right). Since then, wet spells have become less fre-
quent, and when they occur, they tend to be shorter. On the
contrary, the first drought persisting over five years occurred
in the 1941–1950 decade (less severe than in Italy), but from
1983 until the end of the century, dry conditions have pre-
vailed. For example, in 1990, nearly 80% of the territory
was very dry, and with the accumulation of years with neg-
ative scPDSI, the region as a whole was in extreme drought
conditions.
Results obtained for Turkey (Fig. 5e) reveal distinct fea-
tures from those described for the other areas, although some
similarities to the Balkan area can be appreciated. Despite
this and unlike Greece, the scPDSI series for Turkey do not
show very extreme or persistent episodes (both dry and wet).
Wet periods emerge in the early 1920s and early 1940s, while
dry conditions are only found in the decade that spans be-
tween 1925–1935. However, one must be careful when look-
ing at early 20th century series in this location, as station data
is very sparse for that period. The main feature found here
is that drought regimes in Turkey are very heterogeneous
(Tu¨rkes¸, 1998; Tu¨rkes¸ et al., 2009), with no evidence of a
clear trend for dryness throughout the 20th century (for the
Turkish territory as a whole).
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Table 1. Correlation coefficient values between averages of scPDSI
time series for the entire Mediterranean basin and the four sub-
domains. Values in bold are considered statistically significant, tak-
ing into account the auto-correlation of the scPDSI index.
Iberia Italy Balkans Turkey Mediterra-
nean
Iberia 1.00 0.48 0.14 0.05 0.63
Italy 1.00 0.44 0.03 0.73
Balkans 1.00 0.38 0.66
Turkey 1.00 0.22
Mediterra- 1.00
nean
As stated before, the scPDSI series for the Mediterranean
basin as a whole are expected to share some similarities to
those found in the smaller areas. Larger differences are ob-
tained for Turkey, as this region has in general very distinct
time series. It has also some similar periods with the Greece
region, as we would expect based on spatial proximity. But
comparing it with the most distant area (Iberia), largely dis-
tinct patterns are found (Fig. 7). Simply looking at this fig-
ure, one could make the assumption that there is a negative
correlation in W-E dryness conditions, at least during some
sub-periods. In fact, between 1920 and 1960 this is partly
true. However, if we analyse the entire century series, it is not
the case. Iberia and Turkey do not necessarily have inverted
moisture availability patterns associated with a significant
negative correlation between the two time series. According
to Table 1, these two regions, located in opposite extremes
of the Mediterranean, present an extremely low correlation
coefficient. The results presented in Table 1 confirm that the
moisture availability in Turkey is highly unrelated from what
happens in the remaining regions. As a natural result from
this correlation table, spatial proximity fosters higher corre-
lation values, since obviously less distant regions have less
distinct weather patterns and more similar precipitation se-
ries.
5 GEV analysis results
The GEV analysis performed here was made possible
through the intensive use of the R project language, and of
a suit of free software routines, including graphics packages
especially developed by several authors for computing ex-
tremes in environmental studies (using this specific program-
ming language). A number of different methods have been
proposed for parameter estimation in extreme value mod-
els (Wilks, 2006). Each technique has its pros and cons,
but the all-round utility and adaptability to complex model-
building of likelihood-based techniques makes this approach
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Figure 7 
Fig. 7. Comparison between Iberia and Turkey scPDSI series for
the 20th century.
particularly attractive. For the purpose of parameter esti-
mating relying on maximum likelihood methods, we used
two different packages (“extRemes” and “ismev”) available
for R project environment and described in Stephenson and
Gilleland (2006).
Using the monthly scPDSI values for the 20th century
(averaged over the previously considered sub-domains), we
computed two new annual series corresponding to the maxi-
mum and minimum monthly scPDSI value observed for each
year. This procedure was applied to the mean scPDSI se-
ries of each sub-domain. Table 2 shows the main results ob-
tained for the different regions considered here. It should
be stressed that the best distribution to fit all considered re-
gions corresponds to the Weibull distribution. The value of
the parameters is included in columns 2–4, while column 5
indicates if the distribution is stationary, and the level of sta-
tistical significance whenever a trend exists.
It can be seen that Italy and the Balkans show a non-
stationary behaviour, with a linear decrease in the location
parameter, i.e., a trend towards drier conditions. Higher rank
models, or time-dependency for the other parameters (σ and
ξ ) were also tested for all the areas, but they did not bring fur-
ther improvements to be considered as representative of the
scPDSI extreme values time series (statistical significance
was assessed with a chi-square table – Wilks, 2006). For the
sake of brevity, we have focused the analysis on two distinct
examples, one characterised by a significant trend (Italy) and
another by no trend (Turkey). Figure 8 shows the GEV ad-
justment for the minimum values in Italy. The upper plots
show the time evolution of the annual extremes, while the
lower plots show the goodness of fit (a perfect fit should
imply all the residuals lying along the diagonals). Figure 9
shows the adjustment obtained for Turkey where, besides the
sub-plots relative to the inter-annual evolution and the good-
ness of fit, we also show the return levels and the probability
density plot.
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Table 2. GEV distribution parameters for the maximum and minimum scPDSI time series for the entire Mediterranean basin and the four
sub-domains.
Parameter µ σ ξ Stationary
Mediterranean Region
Maximum scPDSI 0.75±0.22−(0.094±0.004) · t 1.09±0.09 −0.30±0.07 No (p= 0.10)
Minimum scPDSI −0.65±0.22−(0.011±0.004) · t 1.08±0.08 −0.30±0.06 No (p= 0.10)
Iberia
Maximum scPDSI 0.32 ±0.20 1.76±0.15 −0.32±0.08 Yes
Minimum scPDSI −1.99±0.17 1.53±0.11 −0.29±0.06 Yes
Italian Peninsula
Maximum scPDSI 1.57±0.30−(0.014±0.005) · t 1.46±0.11 −0.27±0.07 No (p= 0.05)
Minimum scPDSI −0.49±0.29−(0.018±0.005) · t 1.42±0.10 −0.32±0.05 No (p= 0.01)
Balkans
Maximum scPDSI 1.70±0.36−(0.020±0.006) · t 1.56±0.30 −0.40±0.08 No (p= 0.02)
Minimum scPDSI −1.28±0.30−(0.014±0.005) · t 1.42±0.11 −0.24±0.07 No (p= 0.05)
Turkey
Maximum scPDSI 0.41±0.15 1.33±0.10 −0.19±0.05 Yes
Minimum scPDSI −1.82±0.13 1.17±0.09 −0.22±0.05 Yes
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Figure 8 – (a)  
in the Italian Peninsula; (b) Residual diagnostic plots in linear trend GEV model of 
Italian Peninsula minimum scPDSI data. 
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Figure 8 – (a)  
in the Italian Peninsula; (b) Residual diagnostic plots in linear trend GEV model of 
Italian Peninsula minimum scPDSI data. 
 
   
 
 
 
Fig. 8. (a) Annual scPDSI minimum in the Italian Peninsula; (b) residual diagnostic plots in linear trend GEV model of Italian Peninsula
minimum scPDSI data.
6 Links between scPDSI and large-scale patterns
The most important large-scale modes of atmospheric circu-
lation in the Northern Hemisphere have been described in the
literature (Wallace and Gutzler, 1981; Barnston and Livezey,
1987). Different approaches have been developed over the
last two decades to assess the impact of the most relevant
modes on the European and Mediterranean climate (e.g., Xo-
plaki et al., 2004; Du¨nkeloh and Jacobeit, 2003; Vicente-
Serrano and Lo´pez-Moreno, 2006; Trigo et al., 2006). De-
spite their different methodology, these studies do agree that
the most important modes for the Mediterranean climate at
the monthly/seasonal time-scale are: (a) the North Atlantic
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Oscillation (NAO), (b) the Eastern Atlantic (EA) pattern, (c)
the East Atlantic/Western Russia (EA/WR) pattern, and (d)
the Scandinavian pattern (SCAND). A comprehensive as-
sessment of their impact on the Mediterranean precipitation
and temperature field can be found in Trigo et al. (2006).
Several authors mention the potential relevance of the El
Nin˜o-La Nin˜a pattern on the Mediterranean basin, at least for
certain areas and seasons (e.g., Trigo et al., 2006; Vicente-
Serrano, 2005), therefore, we have also included the South-
ern Oscillation index (SOI) retrieved from the CRU web-
site. Furthermore, the Polar/Eurasia (POL) index was also
included in this study, since this teleconnection is related to
the strength of the circumpolar circulation (the positive phase
reflecting an enhanced circumpolar vortex and the negative
phase reflecting a weaker than average polar vortex). These
phases may be related to some inter-annual fluctuations in
precipitation series. To the best of our knowledge, no previ-
ous works have evaluated the impact of these modes on the
spatial variability of drought-related fields.
Here we provide a brief overview and potential links be-
tween these large-scale patterns and the inter-annual vari-
ability of scPDSI series. Monthly data series for the main
teleconnections were downloaded from the NOAA website.
Seasonal averages with standard months (DJF, MAM, JJA
and SON) were computed (1951–2000) for these indices
and compared with the mean seasonal scPDSI in two ways:
(1) maps of the Pearson correlation coefficient for the en-
tire Mediterranean basin; (2) correlation with regional mean
scPDSI time series. These links were evaluated for non-
lagged series, and for 3- and 6-month lagged series, i.e., we
compared each seasonal scPDSI value with the simultaneous
teleconnection index value, but also with those from the pre-
vious two climatic seasons. Only the most relevant maps are
shown and discussed.
6.1 Maps of correlation between scPDSI and circulation
indices
The first step evaluating the spatial impact that different at-
mospheric patterns have in the prevalence of wet or dry
conditions in the Mediterranean is a simple correlation map
between each circulation mode index and the scPDSI field
for the entire area, and for the 1951–2000 period. The
widespread anti-correlation pattern between scPDSI values
and the NAO index (with the exception of the Black sea
area) can be seen in Fig. 10. This pattern reveals an obvi-
ous link between dry periods and the positive phase of the
NAO during winter, particularly over the western Mediter-
ranean. However, the behaviour of this teleconnection is re-
flected not only in favouring dry conditions during the winter
season (Fig. 10, top), but extends to subsequent climatic sea-
sons, being detectable until the following summer (Fig. 10,
bottom), a fact that may be partially explained by the rela-
tively high memory of most drought indices, including the
scPDSI.
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Figure 9 
Fig. 9. (a) Annual scPDSI minimum in Turkey; (b) diagnostic plots
for GEV fit to the Turkey minimum scPDSI data.
The SCAND index correlation maps present a less ho-
mogeneous pattern with positive values over the central
and western Mediterranean but negative over the eastern
Mediterranean, namely Turkey (Fig. 11). The influence
of the SCAND pattern on the scPDSI is also felt during
summer (Fig. 11, bottom) although with less strength than
what was achieved with the NAO. The remaining Northern
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Figure 10 
Fig. 10. Correlation between the winter NAO and the winter scPDSI
(top) and the following summer scPDSI (bottom) during the 1951–
2000 period – circled areas are statistically significant at 10%.
Hemisphere circulation patterns present less significant or
generalized impacts, although some may be important to re-
tain, particularly during winter months such as represented
in Fig. 12 for the EA (top) and EA/WR (bottom).
We have also analysed the impact of the major circulation
patterns in the inter-annual variability of the seasonal scPDSI
index for the entire Mediterranean basin (Table 3). Taking
into account the possible effects of trends on overestimating
correlation values, we have detrended all time series prior to
evaluating the links between the scPDSI and the teleconnec-
tion patterns. We have also considered the auto-correlation
effect of the scPDSI index (Wilks, 2006). Statistically sig-
nificant correlation values are highlighted (bold) whenever
significant at the 5% level, and tagged with (*) when sig-
nificant only at the 10% level. The winter NAO shows the
highest impact on the corresponding winter scPDSI series
(R = –0.54), that extends to spring (R = –0.61) and summer
(R = –0.55). Similar extended behaviour is found for the win-
ter SCAND index, but with positive correlation values with
the average Mediterranean scPDSI series in winter (R=0.35),
in spring (R = 0.40) and summer (R = 0.48). In fact, only the
SCAND index presents significant non-lagged links in spring
(R = 0.40) and summer (R = 0.41) for this entire domain. The
remaining modes of circulation considered do not achieve
statistically significant correlation (Table 3), although that
does not imply that they have an irrelevant role in shaping
the evolution of the scPDSI fields.
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Figure 11 
Fig. 11. As in Fig. 10 but for the SCAND pattern.
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Figure 12 
Fig. 12. Correlation between the winter EA and the winter scPDSI
(top) and the winter EA/WR and the winter scPDSI (bottom) during
the 1951–2000 period – circled areas are statistically significant at
10%.
It is worth noticing that the magnitude of lagged correla-
tion patterns between the winter NAO and spring and sum-
mer scPDSI values is higher than the corresponding values
obtained between the winter NAO and spring and summer
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precipitation (Trigo et al., 2006). A similar statement can
be said about the winter SCAND pattern, which has positive
correlation values (around 0.50) with the average Mediter-
ranean scPDSI in winter and also during the following spring
and summer, whilst the corresponding lagged correlation va-
lues for precipitation quickly degrade to non-significant va-
lues. In fact, this relatively stable relationship between the
two important circulation modes (NAO and SCAND) in win-
ter and the scPDSI field during the subsequent seasons of
spring and summer is not observed with precipitation nor
with temperature. Part of this extended impact is related to
the intrinsic longer memory of scPDSI time series which also
reflects the simultaneous influence of these two circulation
modes on winter precipitation, temperature and wind, thus,
evapo-transpiration. In this sense we are confident that some
of the results obtained here might help to construct seasonal
forecast models, or drought warning systems for different
Mediterranean sectors as proposed in Sect. 8.
6.2 Links with the mean scPDSI for the considered
sub-domains
We have repeated the preceding analysis with a focus on the
four previously defined Mediterranean sub-domains, but re-
stricting the presentation of results to those pairs of regions-
teleconections that show statistically significant correlation
values (Table 4). It is immediately noticeable the fact that
none of the tested large-scale atmospheric patterns presents
significant correlations with the autumn scPDSI. As expected
from the wide basin assessment described in the previous
section, the winter NAO pattern holds the largest control, al-
though it gradually loses influence towards the east. Never-
theless, when we look at the western (Iberia) and central
(Italy and Balkans) regions the winter phase of this telecon-
nection presents the highest number of (anti-correlated) sig-
nificant links with the scPDSI variability throughout most
of the year. The positive phase of the SCAND pattern (re-
lated to the appearance of long-lasting blocking events in
northern Europe) overcomes the NAO in Italy (above 0.40)
while in the Balkans, the EA and EA/WR present significant
anti-correlations (at the 10% level) with the scPDSI series
in winter and summer (above 0.35). In the easternmost sec-
tor (Turkey) none of these patterns presents significant links
with moisture availability, a fact that is coherent with what
we have seen in previous sections where Turkey generally
reveals a highly detached behaviour from what we obtained
for the other sub-domains, namely concerning scPDSI trends
and extremes.
7 Links between scPDSI and SSTs
As we have seen in the previous section, an important frac-
tion of the drought conditions variability in the Mediter-
ranean sector can be explained by the major atmospheric
patterns of the Euro-Atlantic sector, specially the NAO and
Table 3. Correlation coefficient values between Mediterranean
mean scPDSI time series and the considered large-scale atmo-
spheric indices – non-lagged, 3-month and 6-month lagged corre-
lations between the detrended series. Taking into account the auto-
correlation of the scPDSI index, values in bold (∗) are considered
statistically significant at the 5% (10%) level.
Mediterranean
Teleconnection no lag 3-month lag 6-month lag
winter scPDSI
NAO –0.54 0.14 0.02
EA 0.10 0.04 –0.30
EA/WR –0.29 0.31 0.22
SCAND 0.35∗ 0.19 0.25
POL 0.04 0.19 –0.10
SOI 0.04 –0.03 –0.13
spring scPDSI
NAO –0.23 –0.61 0.24
EA –0.06 0.09 0.00
EA/WR 0.06 0.06 0.26
SCAND 0.40 0.40 0.13
POL –0.11 –0.11 0.27
SOI 0.15 0.10 –0.18
summer scPDSI
NAO 0.03 –0.14 –0.55
EA –0.12 –0.14 0.04
EA/WR 0.15 –0.01 –0.10
SCAND 0.41 0.34 0.48
POL –0.15 –0.09 0.19
SOI 0.02 0.04 0.08
autumn scPDSI
NAO –0.08 0.08 –0.13
EA –0.05 –0.28 –0.20
EA/WR 0.01 0.13 0.09
SCAND 0.18 0.36 0.26
POL –0.17 –0.11 –0.09
SOI –0.06 –0.12 –0.03
SCAND. Several studies have shown the links between SSTs
and temperature or precipitation series over Europe, includ-
ing the Mediterranean. Among others, recent works by Her-
tig et al. (2010a, b) have proved successful in using SST in-
formation (in the form of SST regimes) as a tool for seasonal
forecasting of precipitation and temperature in several sub-
domains of the Mediterranean. Naturally, as the scPDSI is
driven by both precipitation and temperature fields, we have
decided to test its level of dependency on SST anomalies.
Following the approach devised by Hertig et al. (2010b), we
have defined 8 areas over the oceans with potential SST in-
fluence on the drought index in the Mediterranean basin, as
seen in Fig. 13.
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Table 4. Summary of the large-scale atmospheric indices presenting significant correlation coefficient values (at the 5% level) with the
seasonal scPDSI for each considered sub-region, for non-lagged, 3-month and 6-month lagged series. Values marked with (∗) only achieve
the 10% level of statistical significance. All time series were detrended.
Sub-region winter scPDSI spring scPDSI summer scPDSI autumn scPDSI
Iberia winter NAO (−0.61) previous winter NAO (−0.63) previous winter NAO (−0.55) –
winter EA (0.42)
Italy winter SCAND (0.49) previous winter SCAND (0.61) previous winter SCAND (0.49) –
winter NAO (−0.42) previous winter NAO (−0.46) previous winter NAO (−0.34)∗
Balkans winter EA/WR (−0.36)∗ – summer EA (−0.35)∗ –
Turkey – – – –
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Fig. 13. Spatial representation of the eight oceanic regions considered in this study, with the aim of evaluating the potential influence of SST
on the Mediterranean scPDSI fields. Choice of areas was based on Hertig et al. (2010b).
Nat. Hazards Earth Syst. Sci., 11, 33–51, 2011 www.nat-hazards-earth-syst-sci.net/11/33/2011/
P. M. Sousa et al.: Trends and extremes of drought in the Mediterranean 47
Table 5. Summary of the SST influence areas presenting significant correlation coefficient values (at the 5% level) with the seasonal scPDSI
for each considered sub-region, for non-lagged, 3-month and 6-month lagged series. Values marked with (∗) only achieve the 10% level of
statistical significance.
Sub-region winter scPDSI spring scPDSI summer scPDSI autumn scPDSI
Mediterranean winter T-ATL (0.37)∗ previous winter T-ATL (0.37)∗ summer E-ATL (−0.33)∗ –
winter MED (0.33)∗ previous spring W-ATL (−0.36)∗
Iberia winter MED (0.54) spring W-ATL (-0.36)∗ previous spring W-ATL (–0.36)∗ –
winter T-ATL (0.40) previous winter MED (0.47) previous winter MED (0.45)
winter W-IND (0.39)∗ previous winter T-ATL (0.38)∗ previous winter T-ATL (0.35)∗
Italy – – summer MED (−0.43) autumn MED (−0.44)
previous spring MED (−0.37)∗
Balkans winter T-ATL (0.41) spring MED (−0.36)∗ –
winter E-ATL (0.32)∗ previous winter T-ATL (0.34)∗
Turkey winter E-ATL (0.47) spring T-ATL (0.43) summer E-PAC (0.34)∗ previous summer E-PAC (0.33)∗
winter T-ATL (0.42) spring E-ATL (0.41) previous winter E-ATL (0.34)∗
previous winter T-ATL previous winter T-ATL (0.33)∗
and E-ATL (0.50)
With this in mind, we can now examine correlations be-
tween scPDSI series and the normalized SST series for each
of these defined boxes and, similarly to what was done for at-
mospheric patterns, test links for each sub-region and season,
with both lagged and non-lagged comparisons once again.
Table 5 provides an overview of the most significant links
with SSTs for each considered area. Some significant corre-
lations can be noted (at the 10% and 5% levels), but we also
need to take a look at correlations slightly below the 10%
level of statistical significance, in order to have a broader un-
derstanding of which processes can SSTs drive to influence
the scPDSI series in each area.
Some caution is needed when looking at links betweens
SSTs and the entire basin as a whole. Nevertheless, the main
links point to more moisture availability during the winter
months with above normal SSTs in the Atlantic (particularly
the T-ATL) and Mediterranean sectors (0.37 and 0.33, re-
spectively), and on the other hand, to drier conditions in the
summer months with above normal SSTs (−0.33 in the East-
ern Atlantic and −0.28 in the Mediterranean). The winter
links are related to higher precipitation amounts associated
to those SST patterns and, in fact, these links propagate their
signal throughout the following seasons. The summer anti-
correlations may not be related to precipitation amounts, but
to temperature anomalies connected to those SST anomalies.
Above normal temperatures will lead to more evaporation
and consequently to below average moisture availability.
Over Iberia, we find the same type of correlation during
the wet season, with warm SSTs in the Tropical and Eastern
Atlantic (0.40 and 0.29) and in the Mediterranean Sea (0.54)
corresponding to moister conditions. Probably connected
to the Mediterranean SST, we also find positive correlations
with the Western Indian ocean SST (0.39). On the contrary,
colder SSTs in the Central/Western Atlantic also favour posi-
tive scPDSI values (−0.28). A small link (0.27) with Western
Pacific areas is also present for Iberia in winter. These winter
links remain during the next seasons, without any significant
non-lagged correlations. We should stress once again that
the scPDSI has a long memory, with winter conditions influ-
encing the following seasons in terms of drought conditions.
Finally, we can point a reasonable anti-correlation between
the spring scPDSI in Iberia and the spring SST in Eastern
Pacific (−0.26).
Contrasting with Iberia, we do not find important links
between SSTs and the scPDSI during winter in Italy, when
compared to the links found with atmospheric large-scale
patterns. But in the warmer months (from spring to autumn)
the Mediterranean SST appears to play an important role in
the region’s moisture availability. For example, the correla-
tion in summer is −0.43, and in autumn −0.44. As stated
before, this is probably related to heat stress and consequent
higher soil water losses in above normal temperature con-
ditions. This effect in the warm months extends even until
the following winter, as we find a correlation of −0.28 be-
tween the winter scPDSI in Italy, and the previous summer
Mediterranean SST anomaly.
This same relation between the warm season SSTs in the
Mediterranean and the scPDSI series is found in the Balkans
region, but in this case specially in spring (−0.36). An-
other repeated influence is the prevalence of moist conditions
in winters with above average SSTs in the Atlantic sector,
namely the T-ATL and E-ATL boxes (0.41 and 0.32, respec-
tively).
As we analyse the Turkey region, we should first bring
to mind that no important links with atmospheric patterns
were found, so any link with SSTs should be of particu-
lar interest in this area. In line with what we have de-
scribed for other regions, here we find statistically significant
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correlations between the scPDSI and Atlantic SSTs in win-
ter (T-ATL: 0.42; E-ATL: 0.47), and also in Spring (T-ATL:
0.43; E-ATL: 0.41). Interestingly there are significant links
between drought conditions in Turkey and SSTs in remote
areas, a result that was lacking for the atmospheric telecon-
nections. There is an important link with the eastern sec-
tor of the Pacific, in the El Nin˜o/La Nin˜a area. We found a
0.43 correlation in spring and important lagged correlations
(above 0.30) for the summer and autumn months with the
same oceanic area.
8 Modelling the summer scPDSI in the Mediterranean
We would like to develop a simple model to assess the po-
tential added value provided by the lagged relationships be-
tween the scPDSI for the entire Mediterranean and large-
scale circulation patterns, or SST anomalies. However, the
straightforward application of any modelling approach based
only on the circulation indices and SSTs as predictors can
lead to misleading results due to the high values of auto-
correlation of the predictand (scPDSI) field. Thus, any mod-
elling approach must deal with the persistence effect, either
by removing it completely (e.g., with ARIMA models) or by
incorporating the lagged scPDSI field explicitly (e.g., step-
wise regression). Here, we have opted for the latter ap-
proach. Thus, a forward stepwise regression was applied to
the scPDSI, circulation indices data and normalized SST se-
ries in order to forecast mean summer scPDSI for the entire
Mediterranean basin. This method tests all possible predic-
tors, looking for the sequence of most appropriate ones after
a level of statistical significance is established (we defined
the 15% level). As possible predictors for the model to retain,
we relied on mean seasonal (3 month) series of circulation in-
dices and normalized SSTs, relative to winter (autumn) and
additionally the seasonal average of scPDSI values for winter
(autumn). This corresponds to a 6 (9) month forecast model.
Besides basic ordinary statistics like the mean root square
error (RMSE), the mean error (ME) and the Pearson corre-
lation (R), skill scores to compare the models with the cli-
matology and persistence at 6 and 9 months were computed.
The skill score is a measure of the percentage of improve-
ment over a benchmark model such as persistence or clima-
tology (Wilks, 2006).
The skill score (SS) for a model with Root Mean Square
Error RMSE is given by:
SS= RMSE−RMSEref
RMSEperf−RMSEref ·100%
where a perfect model would have RMSEperf = 0. The skill
scores relative to the climatology and persistence at 6 and
9 months have been labeled SSc, SSp6 and SSp9, respec-
tively. Using the entire period available, a model was cali-
brated with six predictors retained, including the mean win-
ter scPDSI as a base (equivalent to the 6-month persistence),
the mean winter values of three circulation indices (NAO,
SCAND and POL), one winter SST field (MED) and one au-
tumn SST field (E-ATL), with the following coefficients:
scPDSIsummer= 0.6346scPDSIwinter+0.1979
E−ATLwinter−0.4317NAOwinter+0.3919
SCANDwinter+0.4396POLwinter−0.4012MEDwinter
It is worth noticing that the stepwise regression method did
retain some less obvious predictors, namely the POL pattern,
rather then some more obvious, like the EA. This choice of
predictors reflects the fact that the winter POL appears to
retain useful information, despite the correlation value ob-
tained with POL falling slightly below the statistical signif-
icance threshold (Sect. 6.2). The inclusion of two SST in-
dices as predictors reinforces the fact that SSTs can be use-
ful at seasonal forecasting time scales. The correlation co-
efficient between the observed and model time series is very
high (R= 0.79).
Nevertheless, in order to avoid over fitting, one should cal-
ibrate and validate the model in different periods. Here we
use the standard cross-validation technique (Wilks, 2006) us-
ing 52 years to calibrate and 1 to validate iteratively. Thus, a
moving window is applied so that the first run is performed
using values for 1951–2001 for constructing and 2002 for
validation. On the second run, data for the 1952–2002 is used
for construction and 1951 for validation, and so on. While
this cannot guarantee that all predictors contribute equally
throughout the entire period, it ensures that the results pre-
sented are not biased towards any specific period and cor-
respond to an average performance valid for the entire pe-
riod. The results obtained with this leave-one-out validation
method are slightly lower than those with a simple calibra-
tion approach presented above, but remain statistically sig-
nificant at the 5% level. Thus, the overall correlation coef-
ficient between observed and modelled scPDSI time series
is now R = 0.77. The hindcast of scPDSI values for the
1951–2002 period is shown in Fig. 14, illustrating the rel-
ative good capacity of this simple statistical methodology to
predict summer scPDSI values based only on autumn and
winter information. Moreover, the cross-validated model is
better than the use of persistence and climatology as shown
by the skill scores attained with objective comparisons with
those benchmark models. The gain over climatology is high
(SSc = 59%) while the corresponding result against persis-
tence is more modest (SSp6 = 11%).
9 Conclusions and discussion
Trends of precipitation and scPDSI for the 20th century show
a generalized reduction in the precipitation and water avail-
ability. Only NW Iberia, the extreme south of Italy, and
parts of Turkey show consistent gains in the mean annual
precipitation during the last century. However, unlike previ-
ous authors, we have applied a modified and more appropri-
ate version of the Mann-Kendall test that accounts for serial
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Fig. 14. Hindcast model with cross-validation for the summer
scPDSI relative to the entire Mediterranean basin. Also shown are
the model’s mean error (ME), the root mean square error (RMSE)
and the correlation coefficient (R).
correlation resulting in a considerable reduction of the ar-
eas characterised by statistically significant trends. This is of
paramount importance when evaluating the evolution of the
scPDSI, an index that like most drought indices is hampered
by relatively high values of auto-correlation.
The application of a GEV analysis led us to find that the
Mediterranean basin has been showing smaller values of both
annual minimum and maximum scPDSI (non-stationary be-
haviour). Similar results are obtained when we analyse the
sub-domains of Italy or the Balkans, therefore, implying that
these areas have been advancing towards drier conditions.
Turkey and Iberia are characterised by stationary behaviour
when we consider the 100-year time series. This result may
simply reflect the fact that both regions include areas with
contrasting trends (increase-decrease in moisture).
These results should be considered in light of future cli-
mate change scenarios for the Mediterranean. It is well
known that some regions are potentially more sensitive to cli-
mate change, and according to dynamical modelling (Gibelin
and Deque, 2003; Giorgi and Lionello, 2008) and statistical
downscaling (Hertig and Jacobeit, 2008) the Mediterranean
basin appears to be particularly prone to suffer a significant
warming and decrease in precipitation during the 21st cen-
tury. In fact, according to Giorgi (2006) the Mediterranean
basin corresponds to the most important “hot spot” of cli-
mate change in the world. Thus, when evaluating the impact
of future climate change scenarios of moisture availability in
the region, it is also necessary to assess eventual changes on
the location and magnitude of the previously discussed large-
scale circulation patterns.
We then discussed the role played by major teleconnec-
tion patterns, showing that the most influential correspond
to the NAO and SCAND patterns during winter. The NAO
pattern is known to steer the storm-tracks towards southern
(northern) Europe during its negative (positive) phase, thus,
increasing (decreasing) the precipitation observed over the
Mediterranean. Our results show that the winter NAO impact
in the scPDSI field is also significant for the following spring
and summer seasons. It is a well-known fact that the NAO in-
dex dominates the precipitation variability during the wettest
months in the Mediterranean (Brewer et al., 2007). On the
other hand, the SCAND mode produces a distinct impact pat-
tern with positive values essentially over central and west-
ern Mediterranean areas. Furthermore, the influence of the
SCAND pattern also extends to the following summer sea-
son, albeit with smaller magnitude than NAO. The remaining
Northern Hemisphere circulation patterns (EA and EA/WR),
the ENSO and the POL signal show less significant or spa-
tially coherent impacts, although some may be important to
consider at the regional scale and/or as input into statistical
models. For the easternmost sector (Turkey) none of these
patterns presents significant links with moisture availability.
It should be stressed that the magnitude of these correlation
patterns between the major NH modes of variability and the
Mediterranean scPDSI is similar to the corresponding links
obtained with the precipitation field in winter, but is signifi-
cantly larger in spring and summer (Trigo et al., 2006).
These results raise the prospect of constructing seasonal
forecast models, or at least, drought warning systems, partic-
ularly tuned for western (Portugal, Spain) and central (Italy,
Greece) Mediterranean areas, as these are characterised by an
increasing demand of water supply for domestic use, touristic
(e.g., golf courses) and agricultural (e.g., intensive fruit plan-
tation) activities. To illustrate this hypothesis, we developed
a simple multiple stepwise regression model to hindcast sum-
mer scPDSI values between 1951 and 2002. When develop-
ing this model, and in addition to the atmospheric indices, we
tested SST anomaly series from eight ocean sectors as possi-
ble predictors. The correlation analysis between the scPDSI
and normalized SST series suggests the possibility of some
additional value by incorporating the latter in the model. For
example, we found interesting links between water availabil-
ity and above average SSTs in Atlantic and Mediterranean
sectors during winter, or between shortages of available wa-
ter in summer during above normal SST episodes. All these
links described here are well present in the 6-predictor model
that was developed. It shows an interesting capacity to pre-
dict summer scPDSI values based only on winter and autumn
information, and considerably better than climatology or per-
sistence. In this context, it is becoming increasingly relevant
to provide seasonal forecasts for hydrological climate vari-
ables that can help to alleviate some of the negative impact
of climate change on water infrastructure, namely through
increased preparedness (Wedgebrow et al., 2002).
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